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Introduction
the gonadal steroids that have been tested to date (Cardwell It is becoming increasingly clear that steroid hormones and their metabolites function as sex pheromones in many species of teleost fish (Stacey et al. 199 1 ; Stacey and Sorensen 199 1 ; Sorensen 1992) . Where studied, ' 'hormonal pheromones' ' have been shown to be detected by the olfactory sense (cranial nerve 1 ; Sorensen 1992), and both biochemical studies and electro-olfactogram (EOG) recordings from the olfactory epithelium of several domesticated species, including the goldfish (Carassius auratus) , African catfish (Clarias gariepinus) (Resink et al. 1989) , and Atlantic salmon (Salmo salar) (Moore and Scott 199 1, 1992) have demonstrated that these fish detect a variety of different gonadal sex steroids at concentrations as low at 10-l4 M . Other electrophysiological surveys of the olfactory sensitivities of members of the superorder Cyprinoidea have found that while the crucian carp (Carassius carassius) detects the goldfish pheromone 17a,20P-dihydroxy-4-pregnen-3-one (17a, 20PP) (Bjetselius and Olsen 1991) , other members of the Cyprinidae (minnows) are sensitive to 17a ,20P-dihydroxy-4-pregnen-3-one glucuronide (1 7 a , 20PP-G1) (Cardwell et al. 1991; Sorensen et al. 1992) , and members of the Catastomidae (suckers) do not detect any of 'Author to whom all correspondence should be sent.
Printed in Canada I Irnprirnt au Canada et al. 199 1, 1992; Sorensen et al. 1992) . Behavioral studies of the zebra danio, Brachydanio rerio (Van den Hurk and Lambert 1983) , yellowfin Baikal sculpin, Cottocomephorus grewingki (Dmitrieva et al. 1988) , and the black goby, Gobius jozo (Colombo et al. 1980) suggest that these species use a variety of different androgenic steroids and their conjugates as pheromones. Taken all together, existing studies of fish olfactory function suggest that closely related species have similar steroidal pheromones while distantly related species have dissimilar steroidal pheromones. What is lacking, however, is a direct test of species-specificity (a comprehensive comparison between closely related well understood species that are sensitive to steroidal odorants) and an understanding of the effects of reproductive state on the olfactory sensitivity of wild fish.
The common (domesticated) goldfish is probably the best understood and most important model of fish pheromone function. It is the only fish for which pheromone synthesis and release as well as olfactory, endocrinological, and behavioral sensitivity to pheromones have been characterized (Stacey and Sorensen 199 1 ; Sorensen 1992) . The goldfish uses a mixture of at least three steroidal hormones and their metabolites as sex pheromones (Sorensen et al. 199 1) . Prior to ovulation, female goldfish synthesize and release the maturation-inducing steroidal hormone 17a,20PP and its sulfated metabolite 17a, 20P-dihydroxy-4-pregnen-3-one-20-sulfate (17a, to the water where they then function as primer pheromones stimulating male hormone levels and sperm production (Dulka et al. 1987; Stacey et al. 1989; Sorensen et al. , 1991 A.P. Scott and P. W. Sorensen, unpublished results) . 17a,20PP also appears to synchronize female reproductive activity, because ovulation rates of mature females exposed to 17a,20PP are enhanced ; the actions of 17a,20PP-S on female goldfish have not yet been examined. As measured by EOG recording, the goldfish olfactory epithelium is acutely and specifically sensitive to 17a ,20PP and 17a,20PP-S, and sensitivity to these compounds does not appear to be influenced by gender or gonadal maturity . Spawning goldfish also release and respond to androstenedione (A) , a 19-carbon (C-19) gonadal steroid. This steroid appears to be detected by an independent receptor mechanism and to have inhibitory actions on male endocrine responses to 17a,20PP Sorensen et al. 1990, 199 1 ; P. W. Sorensen, unpublished results) . The relationship between olfactory sensitivity to A and gonadal condition has not been studied. The actions of these steroidal pheromones are supplemented by a multicomponent prostaglandin-derived pheromone that is released by ovulated sexually active females and that stimulates male sexual behavior . Preliminary studies suggest that mature male goldfish are more sensitive to the prostaglandin pheromone than immature females, ut this is based on a single time point and could be confounded y a seasonal effect (Sorensen and Goetz 1993) . Although the goldfish is clearly a powerful model for studyng basic aspects of physiological function for a pheromone ystem, it is not clear whether this domesticated species is a ood model for studying how pheromones may have evolved mong nondomesticated fish. From the perspective of a fishery iologist, it is essential to understand how applicable this laboratory model is to a wild free-swimming fish species. This is particularly true because the goldfish used in studies to date have come from large fish farms and their past spawning and endocrinological histories are unknown. For instance, it is unclear whether "immature" fish represent prepubescent individuals (juveniles) or individuals that have experienced gonadal regression after spawning. In contrast, the closely related common carp (Cyprinus carpio) would appear to be an excellent model for studying pheromone function in a wild species. It appears to be well adapted to North American waters, in which it frequently makes up the bulk of the fish biomass, and its reproductive physiology, endocrinology, and behavior are extremely similar (if not identical) to those of the goldfish, with which it will occasionally hybridize (Taylor and Mahon 1977) . If the goldfish were to "share" a pheromone system with a "wild" species of fish, it would be this one.
We undertook the present study to describe the olfactory sensitivity of common carp to a wide range of steroidal compounds with putative pheromonal function over the course of this species' reproductive cycle. In doing so, we simultaneously addressed three questions. First, is the goldfish model system applicable to a wild fish (the common carp)? Second, are fish steroidal pheromones necessarily ipecies-specific? Third, does reproductive state (gender and maturity) influence olfactory sensitivity to pheromones under natural conditions in a wild fish? Olfactory sensitivity was assessed using EOG recording, a technique that measures transepithelial voltage transients from the surface of the olfactory epithelium, which are believed to represent summated receptor generator potentials (Ottoson 197 1 ; Evans and Hara 1985) . This procedure has been successfully used to describe the olfactory sensitivity of goldfish to pheromonal odorants (Sorensen 1992) . A preliminary report of our findings has been published (Irvine and Sorensen 199 1).
Materials and methods

Animal collection and maintenance
Adult common carp were captured by electro-fishing between April and October (the ice-free months) in 1990 and 1991, in the Mississippi River at Prairie Island, Minnesota, U.S.A. (440301N, 92"301W ). Juvenile carp were collected from backwaters of the Mississippi River at Waconia, Minnesota (44"55'N, 93"501W) by netting in June of 1991. Captured carp were transported to the laboratory in aerated tanks where adults were then placed into 1250-L flow-through tanks (1 Llmin of well water) and fed Glencoe trout food (Multifoods International, Minneapolis, Minn.) ad libitum. Juveniles were placed into 70-L flow-through glass aquaria (0.25 Llmin well water) and fed Tetrafin flaked food (Tetra, Germany). The temperatures of the holding tankslaquaria were initially set to match the Mississippi River (range 1 1 -26"C), and then adjusted to 18°C over a 24-h period after the fish had been introduced into them. This temperature was chosen because it is representative of the Mississippi River during the spawning season, and it was used for EOG recording. Fish were tested within several weeks of capture.
Electro-olfactogram recording
The techniques used for EOG recording followed those developed by Hara and colleagues (Evans and Hara 1985; . Briefly, fish were anesthetized in MS222 (0.01 %; Syndel, Canada), immobilized by an intramuscular injection of gallamine triethiodide (3 mglkg body mass; Sigma, St. Louis, Mo.), secured to a stand, and their gills perfused with 18OC well water. An olfactory rosette was then exposed by cutting away overlying skin and perfused with well water through a pulled-glass pipette at a rate of 8.0 mllmin. Odorants were introduced into this flow using a custom-built apparatus, which switched the flow between background well water and the odorant without altering temperature or pressure. The duration of odorant applications was 5 s, with at least 2-min intervals between stimuli to permit the olfactory epithelium to recover complete responsiveness. The same water source was used to perfuse the nares and gills, to formulate the odorants, and to maintain the fish.
EOG responses were recorded differentially using a salt bridge composed of a glass capillary (tip diameter 60-80 pm) filled with physiological saline and gelatin (8%). The salt bridge was connected to an Ag-AgCl electrode (type MEH-1s; WPI Instruments, Sarasota, Fla.) filled with 3M KCl. The reference electrode was placed on the dorsal skin surface near the perfused naris. The recording electrode was placed slightly above and perpendicular to the mucosa surface at a position adjusted to yield a maximum response to the standard (lo-' M L-Serine) and a minimal response to "blank" water (i.e., no odorant added). Fish were grounded by a clip attached to the tail. Electrical activity was amplified with a DC pre-amplifier (Grass 7PI; Quincy, Mass.), and displayed using a pen recorder. If EOG responses to L-serine were less than 0.4 mV in amplitude the fish was not tested further; 11 of the 93 fish (6 males, 5 females) were rejected on the basis of this criterion. L-Serine was used as the standard because it has been used in previous studies of both goldfish and trout (Hara et al. 1973; Evans and Hara 1985) , and because it is a moderately potent olfactory stimulant in carp (Ohno et al. 1984 ). The standard was tested at least once an hour to ensure that recording conditions were constant. Each odorant was tested 3 times.
Thirty-three sex steroids were selected for initial screening (Table 1 ) on the basis of their having been identified in either carp urine Ishio 1987a, 1987b) , gonadal incubates (Kime 1990 ; Kime et al. 1991) , or blood (Santos et al. 1986; Barry et al. 1990 ); or because they had been tested on the goldfish ). Most , and the 7a-hydroxysteroids were provided by Dr. D.E. Kime (University of Sheffield, U.K.). Stock solutions of these odorants were made at a concentration of M by dissolving appropriate quantities of these steroids in 95 % ethanol (or 50 % ethanol for polar conjugates) to make a 2 x lop3 M solution (which was stored at -40°C) and placing 50 pL of this solution into 100 mL of distilled water. These stock solutions were stored at 5OC and made up fresh every 3 -4 weeks. Test solutions were then made from these stock solutions no more than 30 min prior to testing and were stored in an 18°C water bath. Several of the rarer, more labile and (or) expensive compounds were made up for testing directly from the 2 x lop3 M stocks. Glassware used to hold odorant solutions was washed in a detergent, rinsed with methanol, and then thoroughly rinsed with deionized water.
Olfactory screening of the selected steroids was conducted on adult fish captured during the spring and summer of 1990. All odorants were tested on at least seven mature (spermiated) males and seven mature (with vitellogenic eggs) females. Each compound was tested first at a concentration approximating its detection threshold (which was determined by a pilot test) and then at increasing concentrations (in log-molar steps) until M was reached. For example, 17a,20/3P was tested at concentrations ranging from to lop8 M, and progesterone was tested at from lop9 to lop8 M. Individual recordings typically lasted for about 10 h, during which time about a dozen of the stimuli were tested. The order of odorant presentation was altered several times during the course of study to remove any bias that might be associated with order of testing.
Cross-adaptation was used next to determine whether the observed EOG responses elicited by sex steroids were specific (i.e., whether they were transduced by one or more receptor mechanisms). Four adult males and three females collected in the fall of 1990 were used for this experiment. For cross-adaptation, the EOG response to a test odorant is first measured, then the olfactory epithelium is perfused with an adapting odorant, and then test odorant is added to the adapting solution and the EOG response to it is measured again. Reductions in responsiveness during adaptation are thought to reflect the extent to which the olfactory receptor mechanism detects both the adapting and test odorant (Caprio and Byrd 1984; ). 17a,20PP was used as the adapting stimulus because it was the most potent odorant we tested. It was tested at a concentration of lo-' M because responses to it appeared to be saturating (maximal) at this concentration. Seven test odorants were chosen for testing during adaptation on the basis of their potency and structural characteristics. Progesterone (P), 17aP, and 17a,20P,2 1-trihydroxy-progesterone (17a,20P,2 1P) were chosen because they were the most potent stimuli after 17a,20PP. Two conjugates of 17a,20PP (17a,20PP-S and 17a,20PP-G1) were tested to determine the importance of the nature of conjugation to odorant detection. A and testosterone (T), 19-carbon (C-19) sex steroids, were chosen because their dose response curves indicated that they might be detected by a different receptor mechanism than 17a,20PP. Finally, 1 1 -deoxy-17a-hydroxycorticorticosterone (1 1-DOC) was tested because it represented the most stimulatory corticosteroid, and 5a-pregnan-3P, 17a,20P-triol(3P, 17a,20P(5aP)) was tested because it represented the most stimulatory A-Ring reduced 21-carbon (C-21) steroid. All test odorants were tested at lop7 M, a concentration 10 times greater than the adapting solution, to reduce the possibility of nonspecific suppression by the adapting stimulus. Because the responses to M concentrations of 17a,20PP-S and A were not suppressed during adaptation, these compounds were also tested at concentrations of and lo-' M to eliminate the possibility that continuing responsiveness to them was attributable to concentration differences.
Having identified steroidal odorants that were specifically detected by the adult olfactory system, we next sought to determine whether olfactory sensitivity to these compounds (17a,20PP, 17a,20PP-S, A) and L-serine was influenced by season, maturational state, and (or) gender. This study was conducted in 199 1 and involved capturing and testing on a monthly basis as many adult and juvenile fish as we could. Responses to two prostaglandins (prostaglandin F,, and 15-ketoprostaglandin F,,) were measured in a limited sample of adults and juveniles during the course of this study because these compounds appear to function as postovulatory sex pheromones in the goldfish (Sorensen et al. 1988) . Complete dose responses were determined for all of these compounds, and the gonadal development/size of test fish was noted.
Data analysis
The magnitude of each EOG response was measured in millivolts (mV) from the baseline to the peak of each phasic displacement, and all the responses recorded from each stimulus were averaged. Response magnitude was then calculated as a percentage of the most recent L-Serine control to give a relative response. Data analysis was conducted in several steps. First, we wished to describe the structureactivity relationships of the 33 steroids and compare this pattern of responsiveness between genders and with that described for the goldfish. Relative EOG responses for these odorants were plotted by gender and then analyzed by analysis of variance (ANOVA; SYSTAT, version 5.2). Comparisons between responses to individual steroids and the ethanol control were then performed using Tukey's HSD adjusted for multiple comparisons. To determine whether the specificity of male and female EOG responsiveness was similar, a correlation was then performed between male and female responses. The responsiveness of carp and goldfish were next compared by correlating responses elicited by those 25 compounds tested on males of both species at a concentration of lopR M. Although most of the goldfish data were taken from earlier published work , values for several compounds have not been published.
Specificity of olfactory responsiveness was next determined by analyzing the cross-adaptation experiment. For this analysis, response magnitudes recorded before adaptation were compared with response magnitude during adaptation using matched-pairs't-tests corrected for multiple comparisons (Devore and Peck 1986) . Absolute values were used in this analysis because we did not want possible changes in responsiveness to the standard to confound interpretation of the results.
Having narrowed down the number of potent steroids to those that were specifically recognized (likely to have putative pheromonal function), we next tested whether adult olfactory responsiveness to these compounds was influenced by season or gender. Juveniles were excluded from this analysis because we did not have seasonal data for them. The first step in this procedure was to group data by "season" and compare L-serine responses. Seasons were defined on the basis of the gonadal size and condition of the tested fish, and 5 years of data on carp larval abundance that were collected from this location (Irvine 1992) . Three seasons were defined: "spawning" season (May -July); a "quiescent" postspawning period (August) during which time the spent gonads did not change in size; and a period of gonadal "recrudescence" (September -October) during which time both male and female gonads increased in size to prespawning levels. The first L-Serine response recorded from fish after electrode position had been established was used to represent the value of L-Serine for that fish. We used the first value recorded for L-Serine because the responsiveness of fish frequently increased during the course of the recording and we did not want this to confound our results. Before analyzing these data, outliers were identified and removed using Box and Whisker plots (two were found). L-Serine data were then analyzed by two-way analysis of variance (ANOVA) using SYSTAT. Relative EOG responses of adult males and females to lo-' M concentrations of 17a,20PP and A were then analyzed by season and by gender using two-way ANOVA. Relative values were analyzed to remove any possibility that overall fish responsiveness (i.e., recording quality) could influence our findings. Responses to lopR M were selected for these comparisons because most steroids elicited near maximal (saturating) responses at this concentration. If differences were found between treatments, appropriate follow-up tests (Tukey's) were then conducted. Responsiveness to 17a,20PP-S was not analyzed because we did not have a springtime sample for this compound.
The final step in our analysis was to evaluate the effects of gonadal maturity on EOG responsiveness by comparing the responsiveness of adult males, adult females, and juveniles. This analysis was facilitated by the lack of a significant seasonal trend among adults whose responses were grouped by gender across season. Absolute responses of adult males, adult females, and juveniles to L-serine were first compared by one-way ANOVA (SYSTAT). Next, the relative responsiveness of males, females, and juveniles to lo-' M concentrations of 17a,20PP, 17a,20PP-S, A, PGF,,, and 15K-PGF,, was compared by ANOVA and, where appropriate, follow-up tests were performed. Finally, doseresponse relationships of the three groups to all six compounds were plotted for visual comparison.
Results
EOG responses of common carp were easily recorded and a stable baseline could be maintained for up to 14 h. Frequently, however, the sensitivity of the fish increased during the course of the recording. Although this increase in sensitivity was not specific (i.e., when expressed relative to L-serine, responses to steroids remained the same; P > 0.05 for all specific comparisons made), we nevertheless altered the order in which compounds were tested, and analyzed all results relative to the standard to ensure that the order of testing did not influence interpretation of our results. Of 33 gonadal steroids tested, only 17a ,20PP, 17a ,20PP-S, and 17a ,20P,2 1 P elicited responses that were significantly larger than the ethanol control (P < 0.01; Fig. I ). EOG responses of common carp to gonadal steroids were similar in form to those previously recorded from goldfish (Fig. 2) . Although adult male carp were slightly more sensitive than females to all steroids except for A, the structure-activity relationships of males and females were very similar (r2 = 0.875; p < 0.01; Fig. I ). With the possible exception of 17a,20PP-S, the relative sensitivity of male carp to gonadal steroids was also greater than that of male goldfish; however, the overall patterns of olfactory specificity of these species were strikingly similar (r2 = 0.952) (Fig. 3) . As in goldfish, 17a,20PP was the most potent steroidal odorant tested on carp; it had a detection threshold of about M. The concentration -response curve to 17a ,20PP was similar to that of goldfish and did not differ between males and females: response magnitude increased markedly between 10-l3 and lop9 M, at which concentration it started to plateau (Fig. 4) . 17a,20PP-S and 17a,20P,2 1P were the next most potent odorants and had thresholds of about 10-l2 M (Fig. 4) . The concentration -response curve of 17a ,20PP-S appeared different than that of 17a,20PP; it showed no indication of saturating (Fig. 4) , even at a concentration of M (see pre-adaptation values in Fig. 5) . A had a threshold of approximately 10-M and although responses to it were consistently greater than the control, they were not significant because of the loss of power associated with performing multiple (33!) comparisons.
When adapted to M 17a,20PP, the olfactory epithelium of the carp was no longer responsive to 10-fold greater concentrations of 17a,20P,2 lP, 17a,20PP, 17a.;20PP-G1, 17aP, 1 1-DOC, and 3a, 17a,20P(5aR) suggesting that EOG responses to these compounds were attributable to the same receptor mechanism associated with responsiveness to 17a ,20PP (Fig. 5) . As expected, responses to the adapting stimulus itself (lop8 M 17a,20PP) were also totally suppressed. In contrast, even when tested at concentrations of and M, EOG responsiveness to 17a,20PP-S was only reduced by about half during adaptation. Additionally, there was no significant reduction in EOG responsiveness to either M L-Serine or M concentrations of P, T, and A during adaptation, despite the fact that EOG responses elicited by these compounds were much smaller than those of the adapting stimulus. Responses to lop8 M A were also not suppressed during adaptation. Male and female carp responsiveness both before and during cross-adaptation were similar (data not shown).
The responsiveness of adult fish to L-serine was not influenced by either gender or season (Fig. 6) . Similarly, as determined by ANOVA, the responsiveness of adult common carp to lop8 M 17a,20PP and lop8 M A was also not influenced by gender or season (Fig. 7) . However, on average, juvenile carp were more sensitive than both adult male and female carp (whose sensitivities were similar) to the standard L-Serine (P < 0.01) (Fig. 4) . Conversely, juveniles were less sensitive than adult males to M 17a,20PP and lop8 M 17a,20PP-S but more sensitive than adult males to M A. Males and females had equivalent sensitivities to these steroidal odorants. Finally, adult males were more sensitive than juveniles to both lop8 M PGF2, and lop8 M 15K-PGF2,; in the latter instance, males were also more sensitive than females (P < 0.05). FIG. 3 . Mean relative EOG responses of adult male common carp (this study; n = 4-12) and adult male goldfish (from Sorensen et al. 1990a Sorensen et al. , 1992 ; and unpublished data; n = 4 -12) to 25 gonadal steroids (abbreviations same as in Fig. 1 ) at a concentration of M. Vertical bars represent one standard error. Significant differences (P < 0.05) between groups are denoted by an asterisk. The responsiveness of juveniles and adult females was different (P < 0.05) only for 17a,20PP-S and is not shown, to simplify the figure.
Male Goldfish
Discussion
The olfactory sensitivities of wild common carp and domestic goldfish to gonadal steroids are extremely similar and specifically restricted to the same three compounds, all of which have pheromonal function in the goldfish. This finding suggests that these closely related species of fish likely use the same steroidal sex pheromones and that fish hormonal pheromones need not always be species-specific. Also, of course, this result suggests that the wild carp, a species of considerable ecological and economic importance, relies on sex pheromones in a similar manner to the goldfish. Findings from the goldfish can now be applied to the common carp and vice versa to help explain the physiological basis and ecological significance of fish hormonal pheromones.
Although we presently have no direct evidence of how sex pheromones function in wild common carp, the strikingly similar olfactory sensitivities of these speciks coupled with their seemingly identical steroid hormone profiles (see Santos et al. 1986 and Kabayashi et al. 1988 ) and reproductive behaviors (Breder and Rosen 1966) suggest that they employ steroidal sex pheromones in analogous manners. EOG recording data suggests that the common carp, like the goldfish, possesses two classes of olfactory receptors for C-2 1 steroids: one for 17a ,20PP, and another for 17a,20PP-S. In the goldfish, it is now known that ovulatory females release both of these steroids to the water where they function to stimulate sperm production in males ; A.P. Scott and P. W. Sorensen, unpublished results) and ovulation in females ; a similar synchronizing function seems likely for carp in the Mississippi River. Recent laboratory studies of precociously mature male common carp have now confirmed that exposure to waterborne 17a,20PP stimulates increases in gonadotropin (GtH) and milt volumes in these animals (N.E. Stacey and J.R. Cardwell, University of Alberta, unpublished results).
The sensitivity of the common carp olfactory system to A also resembles that of the goldfish. Although the function of A in goldfish is unclear, we know that it is released by spawning males (P.W. Sorensen and A.P. Scott, unpublished results) and that males exposed to A exhibit reduced biological responses to waterborne 17a,20PP : it may serve to inhibit male spawning activity in wild carp. Our EOG recordings of the absolute size of the L-serine response measured for these recordings was greater than the average value reported for adults in Fig. 4 . This was because of the tendency for EOG sensitivity to increase during the course of recordings, and the fact that cross-adaptation experiments were conducted at the end of recording sessions.
wild adult common carp demonstrate that it is also acutely sensitive to waterborne F prostaglandins, which have been strongly implicated as postovulatory releaser pheromones in the goldfish. These compounds, or compounds resembling them, also likely play equivalent roles synchronizing male -female reproductive behavior among wild spawning carp.
It is interesting to speculate how hormonal pheromones might be functioning to synchronize the spawning activity of wild carp in the Mississippi River, a system whose size and flow rate (on average 500 000 Lls at Prairie Island in the spring) greatly exceed that of the 70-L aquaria (0.25 Llmin) that we have used in studies of the goldfish (Sorensen et al. 1988 . The waters of the Mississippi River are notorious for their high turbidity: chemical cues are likely to be of great importance in this system. To help us address the role of pheromones in Mississippi River carp we h&e examined carp larval data collected from our capture site on a daily basis over a 5-yr period (Irvine 1992) . Briefly, these data describe a strong correlation between larval abundance and both water level and temperature: it seems unlikely that steroidal pheromones serve as a primary trigger of population-wide spawning events.
However, these data also suggest that spawning events are highly synchronized, for they are frequently of short duration (less than a week) and occasionally occur at times of low water in midsummer. Steroidal pheromones (17a,20PP and 17a,20PP-S) may be responsible for stimulatinglsynchronizing spawning activity once it has commenced. Conversely, A might terminate these events. Observations of intense behavioral activity of male carp in the immediate vicinity of ovulated females (A. Irvine, personal observations) appear to suggest that, as in goldfish, the PGF pheromone functions to alert adult male carp to the presence of proximate sexually active (ovulated) females in these turbid waters (Sorensen et al. 1988) . A localized synchronizing role for the carp sex pheromones is consistent with our observations that carp in the Mississippi River tend to spawn in small groups in shallow flooded embayments. Indeed, our theoretical calculations of goldfish pheromonal plumes suggest that they are likely to be small (several metres long), short-lived (1 -50 s), and very localized .
As measured by EOG recording, the olfactory sensitivity of wild Mississippi River common carp is influenced by both gonadal maturity and gender. This suggests that endocrine state affects the peripheral olfactory sensitivity. However, both the interaction between gender and maturity and the lack of a seasonal influence on adult olfactory sensitivity suggest that this relationship is not simple. It appears unlikely that variation in olfactory sensitivity could be the sole explanation for the probable unresponsiveness of juveniles to sex pheromones (a supposition based on goldfish research), because although their EOG response magnitudes are smaller, their detection thresholds are similar to those of adults. Interestingly, the only clear sexual dimorphism was responsiveness to 15K-PGF2,, which is thought to be the principal component of the goldfish postovulatory pheromone (Sorensen et al. 1988) , and in response to which the goldfish olfactory system also appears to be sexually dimorphic (P.W. Sorensen and F.W. Goetz 1993, unpublished data) . However, production of 1 5K-PGF2, by a common carp has yet to be demonstrated. The greater sensitivity of juvenile common carp to both L-Serine and A is also intriguing because it suggests that shifts in relative olfactory sensitivity are specific and may be related to biological/endocrine function. Both the similar structure-activity relationships of male and female EOG responsiveness, and the fact that male and female concentration -response curves to putative pheromones run parallel to each other, suggest that differences in relative sensitivities may be attribdable to variation in the number of receptor mechanisms expressed, and not to a fundamental change in the nature of the receptors themselves. Perhaps variation in carp peripheral olfactory responsiveness coincides with larger (yet to be described) changes occurring in the central nervous system. The rather subtle changes in carp olfactory sensitivity that we have described here contrast markedly with the dramatic changes described in the EOG sensitivity of maturing male Atlantic salmon, which are only sensitive to waterborne testosterone during their several week long spawning period (Moore and Scott 1991) and which also only become sensitive to 17a,20PP-S after exposure to female urine (Moore and Scott 1992) . Clearly, maturational influences on fish olfactory sensitivity are real, complex, and likely related to the specific reproductive physiology and behavior of the species in question.
The specificity of the carp olfactory system is interesting both for what it detects (the goldfish pheromones) and what it does not. Of special interest is the fact that the 7a-hydroxysteroids (3POH,7a, 17a(5a) and 3P,7alP, 17P(5a)) that have been isolated in carp gonadal incubations and hypothesized to have pheromonal function (Manning and Kime 1984; Kime et al. 199 1) completely lack olfactory activity. Similarly 17a,20PP, which has been found to be abundant in carp testes (Barry et al. 1990) , also lacks specific olfactory activity, as do several reduced androgens ( 176-01-E, 176-01-3-E-G1, and 3HY-E) that have been found in carp urine Ishio 1978a, 1978b) . Taken together, these findings suggest that there may not be a direct relationship between hormone metabolic pathways and putative pheromonal function as has been frequently implied (Lambert et al. 1986; Kime et al. 1991) . Indeed, ongoing studies on the goldfish (P.W. Sorensen, unpublished results) suggest that pheromonally active hormonal compounds are often not distinguishable on the basis of the absolute quantities released.
Obviously, until a detailed biochemical analysis of carp hor- mone metabolism and release has been performed we cannot be certain that the common carp and goldfish hormonal pheromone systems are identical; however, at the very least the present study suggests that they are extremely similar. This is consistent with the observation that common carp and goldfish hybridize in the wild (Taylor and Mahon 1977; Danzmann and Down 1982) . In spite of this observation, laboratory studies suggest that the behavior of hybridizing carp and goldfish is not completely "normal" , but whether this is the result of differing behaviors, visual appearances, or different PGF pheromones (about which little is known; Sorensen and Goetz 1993) is unclear.
Although the olfactory sensitivities of approximately two dozen species of teleost fish to waterborne sex steroids have now been tested, only the goldfish , the common carp (this study), and the crucian carp (Bjerselius and Olsen 1991) have been found to be sensitive to 17a,20@P, despite the fact that this compound is commonly used as a maturational hormone in teleost fish (Scott and Canario 1987) . Similarly, only the goldfish and carp are known to detect both 17a,20@P-S and A (the response of crucian carp to these compounds has not been tested). While male Atlantic salmon are sensitive to 17a,20@P-S, they also detect testosterone (which carp do not) (Moore and Scott 199 1, 1992) . And while carp and goldfish are not particularly or specifically sensitive to 17a,20@P-G1, several species of minnow (which are in the same superorder as the carps) detect this steroid with great (and equivalent) sensitivity. Finally, the catostomids, whose steroid hormone profiles resemble those of the goldfish and carp do not appear to detect any gonadal steroids but do detect PGF2, Cardwell et al. 1992) . These simple descriptive observations combined with our detailed understanding of carp and goldfish reproductive endocrinology, behavior, and olfactory sensitivities strongly suggest that closely related species of fish (the carps) may share steroidal pheromone systems, but that different unrelated groups of fish may use different gonadal steroids. A similar scenario appears to be emerging for postovulatory prostaglandin pheromones: goldfish (Sorensen et al. 1988) , carp (this study), crucian carp (Bjerselius and Olsen 199 1 ), and several catostomids Cardwell et al. 1992 ) are all sensitive to both PGF2, and 15K-PGF2,, but a Japanese loach detects another PGF2, metabolite (Kitamura and Ogata 199 1). However, the relevance of these prostaglandin data are not clear because the chemical identities of fish prostaglandins are unknown, and all olfactory studies conducted to date have used commercially available mammalian metabolites.
Interpreting the evolutionary and biological significance of the likelihood that common carp, crucian carp, and goldfish share a common steroidal pheromone system is complicated by the uncertain evolutionary histories of these fish. However, although several workers have suggested that crucian carp and goldfish may share a common ancestor or are perhaps the same species (and hence are placed in the same genus), there appears to be a consensus that the common carp and goldfish represent distinct genera (and species) and that they originated in different regions of Asia (Chen 1954; Balon 1974 ); prior to their domestication these species were allopatric. Furthermore, common carp and goldfish are distinguished by different meristics and isozyme systems (Danzmann and Down 1982; Taylor and Mahon 1977) , and carp -goldfish hybrids are infertile (Down et al. 1988) . Still, these species likely share a common ancestor, which probably used the present hormonal pheromone system: speciation occurred in the apparent absence of the evolution of a dramatically new species-specific hormonal pheromone system.
So what can we conclude about hormonal pheromone specificity in fish? Distinctly different but closely related species of fish can have extremely similar sex pheromone systems. This suggests both that speciation can occur in the absence of the evolution of novel species-specific sex pheromone systems and that sex pheromones do not always play an essential role in species isolation mechanisms. This may not be unreasonable given both the wide diversity of fish visual, acoustical, and electrical signaling systems, and the not infrequent occurrence of hybridization behavior among wild fishes (Hubbs 1955) . Certainly, the possibility that pheromonal plumes are small in size reduces the need for pheromones to always be speciesspecific. The apparent failure of hormonal pheromones to have routinely evolved species-specific characteristics suggests that their ability to do so may be limited by the complexity of the evolutionary, biochemical, and neurological mechanisms responsible for their expression. Detailed studies of sex pheromone identity and function in other more distantly related groups of fishes with known physiologies and evolutionary backgrounds will be required to address this interesting possibility.
